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NUI'ES ON THE DESIGN AND OPERATION OF SJLTE- 
TRACKING STATIONS FOR c;EODETIC PURPOSES1 

Introduction 

Worldwide networks of photographic tracking s t a t ions  have been observ- 
ing a r t i f i c i a l  earth satell i tes since 1957, but u n t i l  recently there has 
been little incentive f o r  anyone t o  observe satellites independently. Now 
with the advent of f lashing-light geodetic satell i tes,  a modestly equipped 
observatory can locate i t se l f ,  r e l a t ive  t o  other points on the ear th ,  a t  
least t e n  times more accurately than was ever possible before, t o  about 
10 meters eventually.  
obvious, although such an  undertaking should be done cooperatively with 
o t k r  s t a t ions .  

The d e s i r a b i l i t y  of independent observations is  

These notes are intended as a preliminary a i d  t o  the design and oper- 
Poss ibh  a t i o n  of three types of op t i ca l  geodetic s t a t ions  (see t ab le  1). 

s t a t ions  of comparable precis ion are classed i n  order of increasing com- 
plexity and cost: 

C l a s s  C2: C a m e r a  f ixed w h i l e  operating; s h u t t e r  and timing accurate 
t o  0.05 second of time as required t o  determine background star posit ions;  
can be used f o r  f lashing-l ight  satell i tes only. 

Class C1: C a m e r a  on equator ia l  mounting 
s i d e r e a l  rate; shu t t e r  and timing accurate t o  
be used f o r  f lashing-l ight  satell i tes only. 

Class E: C a m e r a  f ixed while operating; 
t o  0.001 second of time; can a l s o  be used f o r  
f lashing-light satellites . 

t o  follow stars a t  the 
1 o r  2 seconds of time; can 

shu t t e r  and timing accurate 
bright-passive as w e l l  as 

%his work w a s  supported by grant NsG 87-60 from the  National Aeronautics 
and Space Administration. 
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* 
Table 1.--Classes of tracking s t a t i o n  

class Timing Tracking Uses 
, 

A .001 sec Variable 

B 1  .001 Side real 

speed 

B2 .001 

c1 1 .o 
c2 *05 

Fixed 

Bright -pas s ive ; 
flashing; f a i n t ;  

Bright -passive ; 
f lash ing  

Bright -passive ; 
f lash ing  

S ide real Flashing 

Fixed Flashing 

* 
Optics f o r  a l l  c lagses:  a t  least 10-cm aperture;  a t  least 40-cm f o c a l  
length; a t  least 5 x 10' f i e ld ;  preferably a f o c a l  &engthoof 1 meter, 
an aperture exceeding 15 cm, and a f i e l d  exceeding 5 x 10 . 

C l a s s  B1: 
s ide rea l  rate; shu t t e r  and timing accurate t o  0.001 second of time; can 
a l so  be used f o r  bright-passive as wel l  as f lash ing- l igh t  satell i tes.  

Camera on equator ia l  mounting t o  follow stars a t  the 

Class A: More complex system i n  which camera can follow s a t e l l i t e  
motion; shu t t e r  and timing accurate t o  0.001 second of time; can be used 

I f o r  a l l  satell i tes,  including faint-passive . 
'A  Class A s t a t i o n  w i l l  obviously cos t  more than the others;  it w i l l  

a l s o  be a powerful t o o l  f o r  serious astronomical uses, although no attempt 
w i l l  be made here t o  describe t h e m .  From a geodetic standpoint, a l l  three 
types of s t a t i o n  w i l l  achieve r e su l t s  of the  same accuracy. Since these 
notes are based pa r t ly  on experience, there  a re  frequent refe=nces t o  
the =-stat ion network of Eaker-Nunn cameras operated by the Smithsonian 
Astrophysical Observatory wi th  the act ive cooperation of nine countr ies .  
Originally es tabl ished f o r  the  In te rna t iona l  Geophysical Year, this 
network is  now supported by the U.S. National Aeronautics and S p c e  
Administration f o r  the benef i t  of in te rna t iona l  s c i e n t i f i c  research. 
A somewhat comparable network of op t i ca l  s t a t ions  i s  operated by the  
USSR. 

-2 - 



C a m e r a  (general  coments)  

. 

Many instruments have been pressed in to  service t o  photograph s a t e l -  
l i t es .  Some have been newspaper cameras, others aeri.al photographic 
cameras ; sane ordinary astronomical cameras such as theodol i tes ,  s t i l l  
others spec ia l ly  designed cameras such as the Baker-Nunn. The optics of 
t h i s  last camera w e r e  designed by Dr. James G. Baker, and the mechanical 
system by M r .  Joseph Nunn. 
Elmer  Corporation, and the mechanical p a r t s  by the Bcdler and Chivens Co. 

The optics w e r e  constructed by the Perkin- 

For geodetic purposes, a sa t i s f ac to ry  camera w i l l  have a f o c a l  length 
of a t  least 40 cm, but preferably about 1 meter, f o r  adequate p la te  scale  
t o  give the f i n a l  measuring precision of 1 second of arc  required f o r  
geodetic purposes. The random e f fec t s  of atmospheric! re f rac t ion  introduce 
posi t ion e r ro r s  of ten exceeding 2 seconds of a rc  and s e t  a sensible upper 
l i m i t  of f o c a l  length t o  less than 2 meters. The cac3era should a l s o  have 
a r e l a t ive ly  large l i nea r  aperture,  cer ta in ly  10 cm minimum and prefer-  
ably 15 cm or more. 

The camera should have a f i e l d  of view a t  least 5 O  x 10' , the  5' 
being i n  the cross-track direct ion,  t o  provide enough stars f o r  convenient 
reduction and t o  allow f o r  some e r r o r  i n  pointing and s t a r t i n g  the camera. 

Mount and tracking mechanisms can range from the  very simple t o  the 
very complex. The simplest is  a s ta t ionary  camera. Cmplexi t ies  can be 
added with an alt-azimuth or equator ia l  mounting with s ide rea l  or tracking 
drives on one o r  more axes. Tracking can be a t  constant velocity over the 
photographed path or  can provide for accelerat ion ( see sec t ion  on Camera 
mounts) during photography. 

Probably the ultimate design would be a programed dr ive with varying 
veloci ty  on two or three axes of an alt-azimuth mount or a polar mount i n  
which the polar axis can be sighted t o  any point i n  the sky, and the  polar 
axis driven a t  varying speed. Such cameras would allow the t racking of a 
s a t e l l i t e  over a grea te r  portion of i t s  a rc  without undue cross-track 
motion. 

A s  an a l te rna t ive  t o  tracking, the camera p la te  or the  o p t i c a l  path 
can be moved a t  a constant or a varying veloci ty .  
with moving the p la te  with shut te r  and time-presentation equipnent prob- 
ably make plate-moving cameras a poor choice unless the cameras are ex- 
ceptionally w e l l  engineered and constructed. Varying veloci ty  ra ther  than 
constant veloci ty  during one s a t e l l i t e  pass is  desirable  for more sophis- 
t i c a t e d  systems, especial ly  when the  e n t i r e  pass i s  t o  be photographed. 

The problems associated 

-3 - 



The lack of l ight-grasp of a small-aperture op t i ca l  system may be 
p a r t i a l l y  compensated i n  sophis t icated t racking devices tha t  allow the 
s a t e l l i t e  image t o  bu i ld  up a s u f f i c i e n t l y  long exposure. 
quirenaent i n  th i s  case is  the  photography of s u f f i c i e n t  reference stars t o  
ensure proper masuremnt  . 

The only re- 

The elimination of v ibra t ion  i s  important. Mount vibrat ion should be 
less than 1 second of a r c .  
operated. 

If possible,  the camera should be remotely 

C a m e r a  opt ics  

T k  c l a s s  of a s t a t i o n  is d i c t a t ed  more by considerations of mount, 
timing, and shu t t e r  construction than by the camra  opt ics ,  s ince the 
optics of the camera m u s t  meet the minimum Equirements stated below. 

On a limited budget the opt ics  used i n  a geodetic camera may be 
determined by the a v a i l a b i l i t y  of surplus instruments o r  limited t o  op t ics  
that are employed i n  ex i s t ing  canaeras. 

The following -formulas given i n  Sidgwick (1961, pp. 352 ff .) give a 
means of estimating the l imi t ing  magnitude f o r  t racking  a star under a 
pa r t i cu la r  set  of conditions.  

Limiting magnitude i s  given by 

f o r  sidereal t racking w i t h  u l t r a rap id  p la tes ,  and the optimum time of 
I exposure T i s  

w h e r e  A i s  the aperture  i n  cm, t is  t h e  exposure i n  minutes, and F is  the 
f o c a l  r a t i o .  

This gives l imi t ing  magnitudes f o r  an f/3 canera of 

l7.Oth magnitude f o r  D = 25 cm; 
16.4th mgnithde f o r  D = 20 cm; 

l5.9th magnitude f o r  D = 13 cm. 
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The required exposures t o  give these l imi t ing  nagnitudes are much 
longer than those n o m l l y  used i n  tracking satell i tes so  t h a t  these 
l imi t ing  magnitudes a re  grossly optimistic.  A l s o ,  f i l t e r i n g  i n  the  
opt ica l  system i s  not taken i n t o  account. 
length, f / 4 ) ,  f o r  example, has i n  i t s  op t i ca l  t r a i n  an orange f i l t e r  
(cu t t ing  off a t  5100 Angstroms) that reduces transmission nearly one half .  
Tests of the K-50 camera using Tr i -X f i l m  have produced 

8 t h  magnitude i n  30 seconds; 

9th magnitude i n  45 seconds; 

TIE K-50 camera (9-cm f o c a l  

10 t o  lO.5th magnitude i n  2 minutes. 

The Baker-Nunn camera (50-cm f o c a l  length, e f fec t ive  f / l .25)  with Royal-X 
Pan f i l m  gives a l imi t ing  magnitude of 14.5 a t  20-second exposure, and 
11.6 a t  3.2-second. Noma1 exposures are between 3.2 and 0.2 seconds and 
y i e ld  f o r  neasurement stars t h a t  appear i n  the most precise catalogs.  

The op t i ca l  speed of the t r a i l e d  image is  d i r e c t l y  proportional t o  
tk aperture squared and inversely proportional t o  the f o c a l  length and 
the image diameter. 

The l imi t ing  magnitude f o r  t r a i l e d  images i n  any system can be found 
from 

- -  w 3.438 kc 
L E f d  ' --  

where u) i s  the angular veloci ty  i n  minutes of archecond,  L is the i l l u -  
mination i n  meter candles cas t  by the satel l i te  on the surface of the 
ear th ,  E is  the exposure i n  meter candle seconds needed t o  produce an 
image on a given p la te ,  k is  the transmission coef f ic ien t  of the system, 
A i s  the  aperture,  f is  the f o c a l  length, and d is  the diameter of the  
image spot; A, f and d are i n  millimeters (Benize, 1957). 

Flashing-light satell i tes give e f f ec t ive ly  an  instantaneous point-  
source exposure so that l imi t ing  c a m r a  s e n s i t i v i t y  depends only on the 
operative image qua l i ty  and diameter, e f f ic iency  of l i g h t  passage through 
the system and photographic s e n s i t i v i t y  as function of wavelength. Thus 
the se  s i t i v i t y  requirement f o r  the camera takes the form t h a t  the quan- 
t i t y  A K/(Ed) m u s t  exceed some constant t h a t  depends upon the integrated 
in t ens i ty  and distance of the f lash ing  l i g h t .  Note that the rec iproc i ty  
charac te r i s t ics  of the p la tes  used w i l l  a f f e c t  the resu l t s  f o r  d i f f e ren t  
types of s a t e l l i t e  observation. 

9 
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camera mounts 

Depending upon the level of sophis t icat ion attempted, various methods 
of s a t e l l i t e  photography may be useful  f o r  geodetic purposes. 
mount -- whether f ixed  o r  t racking -- is chosen, the various p o s s i b i l i t i e s  
should be consideEd (Veis, 1960). 

Before a 

Class C2 cameras, which a re  held i n  a f ixed  posit ion,  can be used t o  
photograph f lash ing  geodetic s a t e l l i t e s .  By t h i s  method the stars pro- 
duce trails  and the f l a shes  appear as point images. 

A Class C1 camera i s  mounted equator ia l ly  t o  follow the stars; the 
f lash ing  geodetic s a t e l l i t e  ( inv is ib le  otherwise) produces flashes a t  
known times (figure la). The photographic format t k n  contains point 
images of tk stars as  wel l  as point images of the flashes (v&iiG, 
1946). A sophis t icated developnent of the Class C1 camera i n t o  a Bl 
camra  allows i t s  use f o r  non-flashing geodetic s a t e l l i t e s .  By means of 
a precise chopping shu t t e r  and a timing system accurate t o  .001 second 
the trail of the s a t e l l i t e  i s  interrupted, and the timing of the i n t e r -  
ruptions recoreded (f igure lb ) .  

If the camera is kept f ixed  so t h a t  both the stars and the object 
produce trails  as images, a chopper must be used t o  in t e r rup t  the trails 
(f igure IC). 
cameras, which we c a l l  Class E. It i s  obvious that  these s t a t ions  can 
photograph geodetic f lash ing  s a t e l l i t e s ,  although a sun - l i t  s a t e l l i t e  
must be espec ia l ly  bright t o  provide a trail .  

Such a method i s  employed i n  the various types of b a l l i s t i c  

A higher stage of s e n s i t i v i t y  i n  s a t e l l i t e  photography f o r  geodetic 
purposes is achieved when the camera i s  provided with a t racking mech- 
anism s o  that it can follow the s a t e l l i t e  and thus obtain point images of 
extrercely f a i n t  sun - l i t  s a t e l l i t e s .  Both the Baker-Nunn camera and the 
Smithsonian geodetic camera are equipped with such mechanisms. Tracking 
is provided on the former by driving the camera (f igure l d ) ,  whereas the 
geodetic camera k e p s  the lens assembly f ixed  and moves a photographic 
p la te  across the f o c a l  plane (figure l e ) .  
shut te rs  chop the images, timed t o  a precis ion of ,001 second (see 
sect ion on Choppers). 

In both cameras, spec ia l  

-6 - 
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Figure 1.--Schematic version of satellites photogzzaphed with f i v e  
methods. 



Figure 2.0-A ballistic camera is shown in a sophisticated altitude- 
azimuth yoke mounting. 



Figure 3.--0ne-inch steel p l a t e  is used t o  form the  alt i tude-azimuth 
mounting f o r  a 6 0 - m i l ~ m e t e r  b a l l i s t i c  camera. 



Mount ine: re auirement s 

Of prime importance i s  the achievement of a mow:lt l i r t u a l l y  free of 
vibrat ion.  T h i s  can be accomplished by providing s o l i d  mounting p i e r s ,  
adequate wind p r o t e c t i m ,  separation of the floors of the building or 
access platforms from the mount base, remote cont ro l  of camera when pos- 
s ib l e ,  and control led balance of the camera i n  a l l  posit ions t o  prevent 
overhanging centers of balance and s t r a i n s  on the various axes. The 
camra  m u s t  have f u l l  access t o  a l l  p r t s  of the sky, espec ia l ly  the pole 
and the zenith,  i n  order t o  a t t a i n  i ts  f u l l  usefulness. Correct counter- 
balancing a ids  the operator i n  changing camera posit ions smoothly. 
Secondary considerations of compactness, s implici ty  of design, and low 
cos t  should a l s o  be kept i n  mind. 

Alt i tude -azimuth mounts 

Because cameras of Class E2 and Class C2 are held i n  a f ixed  posi t ion 
during an exposure, they lend themselves t o  a s implif ied mounting. For 
these cameras, an  altitude-azimuth design can be used t o  provide movement 
in two planes, the horizontal  or azimuth plane, and the v e r t i c a l  plane on 
which the a l t i t u d e  is set .  Se t t ing  c i r c l e s  a re  requ.ired t o  an accuracy 
of only about 0.5 degree. 

The alt i tude-azimuth mount of the yoke type (f igure 2) i s  the best  
It can readi ly  be 

The a l t i t u d e  
simple design f o r  mounting a c a m r a  for geodetic work. 
formed from pla te  s t e e l  (figure 3) or c a s t  (Mason, 1.957). 
shaft is  supported a t  each end i n  trunnions mounted a t  the  top  of the 
uprights of the yoke. The design should provide suf 'f icient depth cf the 
uprights t o  allow the camera t o  swing through 90' of' a l t i t u d e .  Locating 
the center  of gravi ty  of the camera a t  the  point of in te rsec t ion  af the  
a l t i t u d e  and the azimuth axes provides smooth movement i n  a l t i t u d e  and 
s jmpl i f ies  the locking device f o r  s e t t i n g  a posi t ion i n  t h a t  plane. A t  
the base of -tk yoke, tk azimuth ax is ,  which i s  perpendicular t o  the 
horizon, can ro t a t e  i n  a bearing secured t o  the mourit base. For proper 
alignment, a three-point suspension is necessary i n  the horizontal  plane. 
The alt i tude-azimuth yoke mount has a l l  the fea tures  of s implici ty6 com- 
pactness, and ease of operation. gameras of approximately 5' x 10 f i e l d  
with s e t t i n g  c i r c l e s  good t o  a 0.5 
predicted posi t ion.  

can e a s i l y  be f ixed  on the satel l i te ' s  

The procedure for a l ign ing  the modified alt i tude-azimuth mounting of 
the Baker-Nunn camera i s  found i n  Rolff (1961). 
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Equatorial  mounts 

Although the  altitude-azimuth mount is w e l l  su i ted  f o r  f ixed camera 
photography, an equator ia l  mount can a l so  be used t o  simplify p la te  re- 
duction. 
geodetic carnera has i t s  polar ax i s  parallel t o  the ea r th ' s  axis of rota-  
t ion,  and i t s  decl inat ion axis a t  r igh t  angles t o  it. Through use of a 
s i d e E a l  drive, the mount follows apparent motion of the stars and pro- 
duces point images of the m. 

The equator ia l  mount on a Bl camera and on the Smithsonian's 

Of the various types of equator ia l  mounts avai lable ,  three suitable 
f o r  a geodetic camera are discussed here: 

The alt i tude-azimuth fo rk  mounting can be converted t o  an equator ia l  
by t i l t i n g  the azimuth ax is  so tbt its a l t i t u d e  i s  equal t o  the l a t i t ude  
of the s t a t ion ;  the azimuth axis thus becomes a polar  axis (figure 4) .  
T h i s  modification, which has been made on some Baker-Nunn cameras 
(figure 5 ) ,  i s  useful  for high-lati tude s t a t ions .  A t  lower la t i tudes ,  
increased s t r a i n  on the polar axis is  present due t o  the increasing 
cant i lever  e f f e c t .  The advantages of the alt i tude-azimuth fo rk  mounting 
are t h a t  it has f u l l  access t o  the sky and that it does not need a decl in-  
a t ion  counterpoise. 

, Another cDmmon equator ia l  i s  t h e  German mounting, widely used i n  
astronomical work (figure 6 ) .  It provides full-sky v i s i b i l i t y  and com- 
mctness  of design with i t s  s ingle  supporting p i e r  on which the equator ia l  
head is  located. However, the  weight of the camera must be counterbalanc- 
ed a t  the end of the decl inat ion axis, thus adding t o  the weight of the 
system. 

The modified English or cross-axis (figure 7) is  another type of 
astronomical mounting that has long been used. The two-point suspension 
of the polar axis  gives better support t o  the load. The o f f se t  of the 
camera from the polar axis allows for full-sky v i s i b i l i t y .  
German mounting, however, a counterweight is needed a t  the end of the 
decl inat ion axis. 

A s  with the 

The procedure f o r  a l igning an equator ia l  mounting can be found i n  
many references (Sidgwick, 1961, f o r  example). 

There are mny commercially avai lable  s ide rea l  drives on the market; 

I n  Miles (1963) a s ide rea l  drive is discussed as w e l l  as an  
however, design l i t e r a t u r e  can be found i n  Sidgwick (1961) and Inga l l s  
(1957). 
oscillator-amplif i e r  c i r c u i t  t o  provide a control led frequency t o  the  
synchronous drive motor. 
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Figure 5.--The photograph shows a modified Baker-Nunn camera w i t h  i t s  
azimuth ax i s  parallel t o  t h e  a x i s  of t h e  earth's ro t a t ion .  



Figure 6.--The German equator ia l  mounting providing f u l l  sky v i s i b i l i t y ,  
has been used i n  astronomical work f o r  many years. 
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Tracking mounts 

I n  order f o r  a s a t e l l i t e  t o  be photographed as a point  image, the 
camera can be made t o  follow the path of the s a t e l l i t e  as it moves across 
the sky, or  the f i l m  or p la t e  can be driven across the f o c a l  plane t o  
compensate f o r  the satel l i te  ' s  motion. The Smithsonian Astrophysical 
Observatory i s  using both of these methods i n  i t s  s a t e l l i t e  t racking 
cameras. The o p t i c a l  images can a l s o  be moved independently of the objec- 
t i v e  or camera f o r  shor t  i n t e rva l s  of time t o  follow sa te l l i t e  motions. 
Such highly special ized systems require spec ia l  design and construction. 

The motion of a s a t e l l i t e  through the sky, as seen by a pa r t i cu la r  
observer is  usually very rapid.  
c i r c l e  and is  ra re ly  symmetrical i n  angular veloci ty  with respect t o  i t s  
culmination point .  
sa te l l i te  as observed from a point  on the surface of the e a r t h  may change 
g rea t ly  between horizon and culmination. For these reasons, the t r a d i -  
t i o n a l  telescope mount designed t o  t r ack  stars i s  inadequate f o r  tracking 
near-earth s a t e l l i t e s .  On the other  hand, a mount pi-eprogramed t o  follow 
every possible path of the s a t e l l i t e ,  including changes i n  angular velo- 
c i t y ,  would be extremely complex. An e f f ec t ive  compi:omise can be achieved 
by designing a tr i-axis mount s o  t h a t  the t h i r d  ax is  allows or ien ta t ion  of 
the camera t o  t r a c k  along an  arbitrary great  c i r c l e .  I n  t h i s  way approx- 
imations t o  the s a t e l l i t e ' s  path a r e  possible .  

It deviates appreciably from a great  

Consequently, the path and the  angular veloci ty  of the 

The Faker-Nunn camera (f igure 8) si ts  i n  a gimbals r ing  f i t t e d  i n t o  
the yoke of an  altitude-azimuth mount. A G r a h a m  variable-speed drive i s  
l inked t o  the camera through a worm and worm-wheel. The camera can be 
dr iven across the sky a t  variable speeds from 0 t o  7OoO seconds of a r c  per 
second. I n  operation the camera's motion t racks the s a t e l l i t e  with an 
accuracy of 1 gercent.  

The geodetic camera of the Smi1;hsonian Astrophysical Observatory uses 
the other  t racking method. The camera, which i s  held f ixed  on an  equa- 
t o r i a l  mount, defines i t s  t racking plane by the f o c a l  plane of the camera. 
The t racking d i r ec t ion  is prese t  by a ro ta t ion  of t h e  back of the camera, 
thereby approximating the path of the s a t e l l i t e  through the f i e l d  of the 
camera. A 10 x 13 cm photographic p l a t e  i s  then dr iven across the f o c a l  
plane of the camera a t  a rate calculated t o  compensa.te f o r  the image 
mot ion. 

Canem with t racking capab i l i t i e s  a r e  able t o  photograph both flashing 
and nonflashing, br ight  and f a i n t ,  satell i tes,  and lend themselves equally 
wel l  t o  geodetic work o r  t o  maintaining o rb i t s  of f a i n t  s a t e l l i t e s  f o r  
other purposes. 
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Camera shut te rs  

I n  order t o  begin and terminate an  exposure, the camera m u s t  have a 
shu t t e r  mechanism. Special  shu t t e r s  o r  choppers are a l s o  used t o  produce 
coded breaks i n  the t r a i l i n g  image of e i t h e r  the satel l i te  o r  the star. 
Shut ter  complexity can vary from the simple gross capping shu t t e r  t o  the 
louvered s h u t t e r  on the E - 4  b a l l i s t i c  camera (f igure 9). The required 
precis ion i n  time i s  0.05 second f o r  timing star trails, and 0.001 second 
f o r  s a t e l l i t e  motions. 

Necessary general  cha rac t e r i s t i c s  of a shu t t e r  a r e  high-speed actua- 
t i on ,  long l i f e ,  and accurate r epe t i t i on  of the exposure cycle f o r  those 
cameras taking multiple exposures during a s a t e l l i t e  pass. A desirable  
cha rac t e r i s t i c  i s  s implici ty  of construction, espec ia l ly  when the camera 
i s  t o  be used i n  the  f i e l d .  Shut ters  a r e  categorized by pos i t ion  i n  the 

I 
camera (for example: objective,  intra- lens ,  or and/or func- 
tion or design ( f o r  example: louvered, iris, 

I n t r a  -lens shu t t e r  

Shut ters  of the intra- lens  type are designed t o  be used between the 
f r o n t  and the rear elements of a camera lens .  The in t ra - lens  s h u t t e r  
operates on the pr inc ip le  tht a l l  l i g h t  en ter ing  the camera lens passes 
through the  small a rea  located between the elements of the lens .  Because 
of t h e i r  small dimensions i n  wide-angle systems, shutter-leaves operating 
near t h i s  region can have shor t  time constants and thus sometimes be used 
as chopping shu t t e r s  as wel l  as capping shu t t e r s .  

Intra- lens  shu t t e r s  may be subclass i f ied  i n t o  the drawer type 
(f igure lo), i n  which the t h i n  ir is  shu t t e r  leaves and connecting linkage 
a r e  inser ted  between the tVo lens  c e l l s ;  or the  c i r c u l a r  type, i n  which 

ing t o  which the two individual  lens  c e l l s  are fastened.  
, the blades and ac t iva t ing  mechanism are located i n  a circular-shaped cas t -  

The usual int ra- lens  s h u t t e r  of e i t h e r  type has fou r  o r  f i v e  blades 
t h a t  can be operated i n  various ways depending upon the design. The first 
method allows one s e t  of leaves t o  operate i n  two d i rec t ions  per exposure, 
as i n  the Rapidyne shu t t e r  ( f igure 11). The second design has two s e t s  of 
shu t t e r  leaves t h a t  move i n  one d i r ec t ion  per  exposure. A t h i r d  design 
has only one s e t  of shu t t e r  leaves, which move i n  one d i r ec t ion  per ex- 
posure, as i n  the high-speed unid i rec t iona l  intra- lens  shu t t e r  ( f igure E). 

For an intra- lens  shu t t e r ,  the design of the lens determines the s i z e  
of the c i r cu la r  aper ture  that must be covered by the s h u t t e r  leaves; there- 
fore ,  the highest shu t t e r  speed depends upon the s i ze  of the aperture  of 
the lens .  I n  many cases t h i s  produces a l i m i t  on the usefulness of i n t r a -  
lens  shut te rs  f o r  cameras of large a F r t u r e .  

-10 - 
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Figure 8.--The three  axes of t h e  Baker-Nunn camera and t h e  horizontal  
level ing screws are c l ea r ly  shown i n  t h e  photograph. 
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Figure 9.--This ro t a ry  solenoid-actuated louver shu t t e r  i s  located 
between t h e  lens  of a b a l l i s t i c  camera. 



Figure 10. --The between-the-lens shu t t e r s  of boi;h the drawer (upper) 
and c i r c u l a r  (lower) type are shown, 



Figure 11.--Rapidyne in t ra - lens  shut te r .  
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Figure 12.--The leaves of a high-speed uni-direct ional  in t ra - lens  
shu t t e r  t r a v e l  i n  one d i r ec t ion  per  exposure. 



Another disadvantage of the large-aperture intra- lens  shu t t e r  i s  the 
large s i z e  of necessary housing f o r  the ac t iva t ing  mechanism and linkage. 

Focal-plane shu t t e r  

The focal-plane capping shu t t e r  i s  mounted near the  f o c a l  plane and 
as close t o  the f i l m  or photographic p la te  as design considerations allow. 
This type of shu t t e r  has long been used i n  American aerial-photography 
cameras. 

A focal-plane shu t t e r  i n  i t s  simplest  form cons is t s  of a light-proof 
cur ta in  wider than the film and long enough t o  wind izround the r o l l e r s  
located beyond the ends of the negative area. 

I ts  advantages are s implici ty  of design, ease of locat ion (i.e., the 
lens  cone can be s implif ied,  since spec ia l  housing i s  not needed t o  hold 
the  shu t t e r  between the lens c e l l s ) ,  and high speed. 

A Baker-Nunn camera uses a focal-plane capping s h u t t e r  of a clamhe11 
design (f igure 13) .  
f i l m ,  two separate blades (each h a l f  of the clamshell) are ac t iva ted  by a 
cam, thereby exposing the s t r i p  of f i l m .  The blades close af ter  each 
exposure, and another segment of f i . h  i s  passed i n t o  the camera. 

Rather than one blade being ac t iva ted  t o  expose the 

Louver shu t t e r  

Louver shut te rs  a c t  l i k e  a var iable  neu t r a l  densi ty  f i l t e r ,  r a the r  
than l i k e  a varying aperture diaphragm, as do in t ra - lens .  'Vhey may be 
placed anywhere i n  the o p t i c a l  system that i s  conver.ient" ( C l u f f ,  1952). 
However, the shut te rs  should be located as close t o  the lens element as 
possible and ce r t a in ly  not near the f o c a l  plane. These  can be b u i l t  w i t h  
shor t  t i m e  constants.  

The louvers are th in ,  narrow, rectangular blades l inked t o  a dr ive 
mechanism, they operate as a wit similar t o  a Venetian bl ind on a window. 
A louver-shutter assembly i s  usually made up of a rectangular frame hold- 
i ng  a number of blades supported a t  each end i n  b a l l  bearings and attached 
by small gears or pinions t o  a rack.. When the rack is  ac t iva ted ,  the 
blades are turned perpendicular t o  a plane parallel t o  the f o c a l  plane t o  
allow l i g h t  t o  reach the f i l m  or p la t e .  When the louvers are i n  a de- 
ac t iva ted  posi t ion,  an  overlap is allowed t o  prevent l i g h t  penetration. 

The disadvantages of this type of shu t t e r  are t h a t  the  louvers, when 
i n  a v e r t i c a l  posi t ion,  tend t o  block a small amount of l i g h t  enter ing,  
owing t o  t h e i r  t h i c h e s s ;  and tha t  the blades block oblique rays f rm  
reaching the film, owing t o  t h e i r  width, thereby decreasing the e f f ic iency  
of the camera system. They cannot be used near rea:l imaging points  of the  
lens  system. 



The advantages i n  using a louver system, however, are  that a greater  
operational speed is  possible and that there is  a decrease i n  the s i ze  of 
the t o t a l  unit. 

i 
Objective capping shu t t e r  

The before-the-lens or objective capping shu t t e r  i s  extremely simple, 
e f f i c i e n t  and inexpensive. A gross shu t t e r  t h a t  merely opens and closes 
t o  determine the length of exposure, i s  usually used i n  conjunction with 
a coding s h u t t e r  or chopper. The capping shu t t e r  shown i n  f igure 14 is 
operated by a rotary solenoid act ivated by an 18-~01t DC pulse. 

Choppe rs 

When e i t h e r  the s a t e l l i t e  o r  the stars are  t r a i l i n g ,  breaks must be 
provided as reference points f o r  posi t ion measurement and time detemina-  
t ion. 

The breaks a re  made by a chopping shu t t e r  used i n  conjunction with 
the capping shu t t e r .  It is  possible,  however, f o r  the capping shu t t e r  
t o  provide the chop; this method is used i n  ce r t a in  b a l l i s t i c  cameras with 
louvered shu t t e r s .  

Cameras with shut te rs  having a high actuat ion and recovery speed are 
usually used i n  the l a t te r  case.  Solenoid-operated louvered shut te rs  f a l l  
i n t o  t h i s  c lass ;  able  t o  open or close i n  2 milliseconds, they can be 
programmed t o  remain open f o r  any length of time. I 

I A Baker-Nunn camera uses a ro ta t ing  barrel-chopper with a l l  but two 
"staves" missing. The "clamshell" shu t t e r  a c t s  as the capping mechanism. 
The chopper b r i e f l y  in te r rupts  the exposure (as determined by a gross 
clamshell shu t t e r )  f ive times, chopping the  trail in to  s i x  segments sep- 
a ra ted  by short  breaks. The length of each break corresponds t o  the 
time i n t e r v a l  during which the chopper covered tk star f i e l d .  The break- 
length i n  seconds i s  1/20 of tk whole exposure time, and l / 5  of the 
in t e rva l  between two neighboring breaks (figure 15 ) .  
the t h i r d  (the cen t r a l )  break, the t i m e  of exposure i s  photographed on the 
f i lm.  

A t  the in s t an t  of 

When both satel l i te  and stars are t r a i l e d ,  the center  of the cen t r a l  
break of the s a t e l l i t e  i m g e  is measured with respect t o  the center  of 
t h e  cen t r a l  break of stars with known c e l e s t i a l  coordinates. If the cam- 
era is  tracking the  satel l i te ,  the point image of the s a t e l l i t e  i s  meas- 
ured against the c e n t r a l  breaks of the reference stars (Iassovszky, 1$0). 

I If a chopper i s  used t o  in te r rupt  the trail of the  satel l i te  or  the 
stars, a correct ion must be applied e i t h e r  t o  the posi t ion o r  t o  the time 
t o  allow f o r  the f a c t  t h a t  the shu t t e r  has a f i n i t e  speed (Veis, 1960; 
and f igure 16). 
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Figure 14. --Simplified capping shutter (note use of rotary solenoid). 
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Shut te r  ac t iva t ion  devices 

When used f o r  satel l i te  photography the  various types of s h u t t e r  de- 
vices described above, except that of the Baker-Nunn, lend themselves t o  
ac t iva t ion  by pulse c i r c u i t r y .  T h t  is, the ac t iva t ing  mechanisms can be 
operated i n  response t o  pulses from a timing c i r c u i t .  Timing c i r c u i t s  
can readi ly  be b u i l t  t o  allow the length of exposure t o  be se lec ted  f o r  
one- o r  multiple-cycle exposures, as i n  the geodetic camera of the 
Smithsonian Astrophysical Observatory and the E - 4  camera (LaFond, 1961) 
The use of pulse c i r c u i t r y  and ro ta ry  o r  l i n e a r  solenoids provides a 
readi ly  control lable  and s u f f i c i e n t l y  f l ex ib l e  shut te r -ac t iva t ion  system. 

A continuously ro t a t ing  motor-driven s h u t t e r  provides pulses from i ts  
own synchronous operation. 
display on the f i l m  a t  the  proper moment. 

These pulses can be used. t o  synchronize time 

Plates and f i lms 

Astronomical photography h s  long made us- of the  dimensional sta- 
b i l i t y  of g lass .  
i c  emulsions i n  c r i t i c a l  appl icat ions w h e r e  dimensional s t a b i l i t y  i s  
paramount", (Eastman K o d a k  Co., 196la). With a humidity coef f ic ien t  of 
zero and a thermal expansion of .00001 cm per cm per degree centigrade, 
g lass  can be used with minimum precautions t o  ensure that it holds i t s  
s i z e  and f l a t n e s s .  "During processing the  w e t  emulsion l aye r  swells ver- 
t i c a l l y  but other  dimensional changes are restrained.  During the drying 
process the la te ra l  dimensions of the layer  remain e s s e n t i a l l y  unchanged, 
but the  v e r t i c a l  dinension may vary according t o  the treatment.  
after, the layer  does not change dimension independently of i t s  glass 
base': (Eastman K o d a k  Co., 1961b) 

" G l a s s  is ye t  t o  be surpassed as EL b s e  f o r  photograph- 

There -  

Research and developrent i n  the f i e l d  of aerial  photography have 
increased the physical s t rength  and dimensional s ta 'b i l i ty  of film. 
Polyester f i lm base made from polyethelene-terephthKlBte is  being in t ro -  
duced f o r  spec ia l  a e r i a l  and satel l i te  photography. Nevertheless, the 
use of f i l m  requires the design engineer t o  pay s t r i c t  a t t e n t i o n  t o  the 
e f f e c t s  of humidity, t e n s i l e  load, p l a s t i c  flow, temperature, vacuum sup- 
por t ,  e t c  . It has been found, however, that  wi th  the  proper design, 
photographic f i lm can be used wi th  negl igible  adverse e f f e c t s .  

-13 - 



For example, the Baker-Nunn c a m m  uses 55.625 mm f i lm  s t re tched  
across an aspheric back-up p la te  (figure 17). When humidity, temperature, 
and creep a re  taken in to  account and when the  f i l m  has been properly 
tensioned against the  back-up p la te ,  the accuracy of posi t ive measurements 
is not influenced by d i s t o r t i o n  of the emulsion within an area of 5-cm 
diameter (Lassovszky, 1961). Within 
th i s  region use of the  linear plate-constant method f o r  reducing tk 
measurements is j u s t i f i e d .  The e r r o r  i n  the measurement of f i l m  from the 
Baker-Nunn camera is  on the order of 2.3 1 ~ .  when a l i n e a r  f i t  i s  used 
(Lassovszky, 1961), w h i l e  that of standard Eastman Kodak 103a-F p la tes  is  
1.6 1 ~ .  when a l i n e a r  f i t  of the data  is used (Altman and B a l l ,  1961). 

This corresponds t o  a f i e l d  of 5.8'. 

When the f o c a l  plane is curved, or  when the cameras w i l l  be taking a 
number of exposures of a satel l i te  on a s ingle  pass o r  photographing many 
passes i n  one n ight ' s  operation, photographic f i l m  should de f in i t e ly  be 
used. 
o f f se t  by the  convenient operation that is  possible.  For those cameras 
that have a flat f o c a l  plane (such as is found i n  many a e r i a l  cameras 
that can be modified f o r  s a t e l l i t e  photography work) and that do not t r ack  
o r  do so only a t  s i d e r e a l  rate, photographic p la tes  should be used i n  
order t o  avoid the  complication of film-support systems. 

The added complexity of a film transport ing system i s  more than 

Several  types of photographic f i lms and p l a t e s  used f o r  s a t e l l i t e  
photography are not factory-stocked and thus are avai lable  only on s p e c i a l  
order.  I n  c e r t a i n  cases,  even the spec ia l  order requires the purchase of 
a large minimum amount of photographic mater ia l .  It possible,  standard 
f i l m  should be used, espec ia l ly  by s t a t ions  producing only a few expo- 
sures;  i n  t h i s  way, purchase and storage cos ts  are kept low. 

Photographic p la tes  and f i l m s  should be shipped and s tored  a t  the  
temperatures recommended by the manufacturer. This i s  espec ia l ly  t r u e  of 
spectroscopic films and p la tes  and of very fast f i lms .  Af te r  the photo- 
graphic p la tes  and f i l m s  have been removed from a re f r ige ra to r  o r  deep 
freeze,  a t  l e a s t  fou r  hours should be allowed f o r  the mater ia ls  t o  reach 
approximate room temperature. T h i s  procedure w i l l  prevent condensation 
of moisture on the cold surfaces (Eastman Kodak Co., 1962). 

Processing should be carefu l ly  control led t o  produce the desired re- 
s u l t s .  The s a t e l l i t e  and star images should be as small as possible con- 
s i s t e n t  with the  requirements f o r  pos i t ive  iden t i f i ca t ion .  Contrast 
should be as high as possible consis tent  with the use of highly sens i t i ve  
emulsions. I n  the f ina l  se l ec t ion  of f i l m  f o r  use with any o p t i c a l  sys-  
tem, it is necessary t o  t e s t  the bes t  avai lable  emulsions i n  the  f i e l d .  
Variations i n  manufacture can cause var ia t ions  from published spec i f ica-  
t i ons  large enough t o  make it advisable t o  check each batch of emulsion 
under operating conditions.  These var ia t ions may even be large enough 
t o  prompt se l ec t ion  of seemingly poorer f i l m  that gives better over -a l l  
r e su l t s  i n  a c t u a l  use. 
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Timing 

General requirements 

Timing of an observation must be su f f i c i en t ly  ,accurate t o  determine 
the f i n a l l y  located posi t ion of the observing s t a t i o n  t o  about 10 meters. 
This i s  equivalent t o  determining the pos i t ion  of a satel l i te  orb i t ing  
some 1000 km above the e a r t h ' s  surface,  t o  a precis ion of 10 meters, or 
t o  about 0.001 second of time. 

Precis ion of shut te rs  

Since we have postulated various camera systems having s i m i l a r  f oca l  
lengths but d i f f e ren t  purposes, the basic differences i n  timing depend on 
the projected use of the equipment. 

For f lashing-l ight  objects,  the e f fec t ive  expcsure i s  not increased 
by tracking, s o  the camera can be l e f t  s ta t ionary  and s t i l l  provide good 
point images f o r  the f lashes .  Since the f l a s h  t i m e  i s  defined by a clock 
i n  the s a t e l l i t e ,  s h u t t e r  timing i s  needed only t o  determine the posi t ions 
of the stars. For the maximum s ide rea l  motion of 1-5 seconds of a r c  per 
second of time, defining the end of a s tar  t r a i l  t o  1 second of a r c  
requires 1/15 second of time shu t t e r  accuracy. The minimal shu t t e r  accu- 
racy needed i s  1/20 second, yielding measured posit;ions t o  1.04 second 
of a rc  precis ion a t  the center  of a star t r a i l .  This we w i l l  take as the 
s h u t t e r  requirement f o r  the camera recording only f lash ing- l igh t  objects .  

For a camera t racking s iderea l ly ,  l e s s  accuracy i s  needed. The 
shu t t e r  must be opened before the f i r s t  and closed a f t e r  the last f l a s h .  
Inaccuracies of more than a few seconds require longer exposure times t o  
ensure recording the f lashes .  This increases the background fog, possibly 
enough t o  mask. the f l a s h  images. 

Note a l s o  that large uncertaint ies  i n  timing the beginnings and the  
ends of exposures (with consequent long exposure t imes) require a much 
more accurate polar-axis adjustment and s i d e r e a l  guiding system than do 
small uncertaint ies .  Errors i n  the timing and i n  s t e l l a r  guiding in t ro-  
duce e r ro r s  i n t o  s a t e l l i t e  posi t ions r e l a t ive  t o  the stars. Therefore, 
i f  good r e su l t s  are expected, the times should be known t o  within a second 
or two. For t h i s  accuracy a chronometer, o r  short-wave radio reception of 
a standard time s igna l  should be su f f i c i en t .  

-15 - 



If the camera is  provided with a ca l ibra ted  chopping shut te r ,  posi-  
t ions  of s u n l i t  s a t e l l i t e s  can be determined. This determination i s  
l imited by the accuracy of the l o c a l  clock, by the accuracy of the timing 
pulse, by the ca l ib ra t ion  of the timing shut te r ,  by the determination of 
the propagation time of the radio s ignal ,  by determination of radio and 
clock time delay, and by the accuracy t o  which the radio t i m e  service can 
be compared t o  a uniform time system. 

A camera required t o  photograph a l l  s a t e l l i t e s  must accurately t r ack  
the f a i n t  objects t o  lengthen ef fec t ive  exposure t i m e .  This causes the  
stars t o  trail a t  a rapid rate, possible severa l  thousands of seconds of 
a r c  per second of t i m e .  
1 second of a rc ,  the star motion must be ef fec t ive ly  stopped a t  some 
ins t an t  known t o  a time accuracy equivalent t o  the required pos i t iona l  
accuracy, i. e. ,  about 1 millisecond. For geodetic s a t e l l i t e s ,  angular 
ve loc i t i e s  range from three hundred t o  about 1000 seconds of a r c  per 
second. The required t iming  accuracy f o r  posi t ion reductions of 1 second 
of a rc  i s  therefore  between 0.001 t o  0.0035 second, or 0.001 second if the 
equipment i s  t o  be f u l l y  usable 

For satel l i te  pos i t iona l  accuracy of 1 second of 

I n  summary: 

Type A :  The s h u t t e r  must be as accurate as possible,  minimum accu- 
racy being 0.001 Second f o r  geodetic s a t e l l i t e s .  There should a l s o  be 
some means of ensuring that  the  chopping camera s h u t t e r  is open a t  the 
time of the l i g h t  f l a shes .  

Type B1: For f lashing-l ight  objects,  the posi t ion of the stars on 
the p l a t e  is independent of t i m e ,  and the t i m e  of the  f l a s h  is known. 
Hence only crude timing i s  necessary, t o  an accuracy of about 1 second. 
(However, some means, either a star char t  o r  a second p la te ,  m u s t  be used 
t o  ident i fy  the flashes.) 

When t h i s  type of camera is  used t o  observe br ight  passive satell i tes,  
the end of the satel l i te  image must be re la ted  t o  time, even though the 
stars need not be. T k r e f o r e ,  a high-accuracy shu t t e r ,  equivalent t o  that 
of type A, is  necessary. Without the type A shu t t e r ,  the camera is equiv- 
a l en t  t o  type C1. 

Type B2: To determine the s a t e l l i t e  pos i t ion  r e l a t ive  t o  the stars, 
a t  the  time of f lash,  one m u s t  measure the pos i t ion  relative t o  each end 
of the t ra i l  and in te rpola te  t o  the proper time. Timing accuracy of the 
t ra i l  ends must be s u f f i c i e n t  t o  y ie ld  pos i t iona l  accuracy b e t t e r  than  
1 second of a rc ,  o r  0.05 second of time. 
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When t h i s  camera is t o  photograph passive s a t e l l i t e s ,  it m u s t  have a 
shu t t e r  t o  give accurate timing t o  some points (normally each end) on the 
s a t e l l i t e  t ra i l .  
otherwise t h i s  camera w i l l  be equivalent t o  type C2. 

For the proper precision, a type A shu t t e r  must be used; 

Type C 2 :  T h i s  camera t o  be used only f o r  f l a sh ing  satell i tes,  w i l l  
need only t o  define the ends of the star trails t o  a.bout 1 second of a r c .  
The s h u t t e r  accuracy therefore  required i s  only'O.05 second of t i m e .  

Type C1: T h i s  c a m r a  is  t o  be used only f o r  f lash ing  s a t e l l i t e s ,  
and star posi t ions are re l a t ive ly  independent of time. The s a t e l l i t e  
clock defines f l a s h  tines, so only crude timing of shu t t e r  i s  necessary, 
t o  an accuracy of about 1 second of time. 

Control of shu t t e r  timine: 

The means of assur ing the t i m e  accuracy of the two types of shut te rs  
w i l l ,  i n  general, be d i f f e r e n t .  The s h u t t e r  f o r  a Class A s t a t i o n  is  
necessar i ly  regulated by a very precise frequency, i3nd the time should be 
recorded against  an accurately control led standard clock. Mechanical 
equipment, such as a drum chronograph, has been found t o  be in su f f i c i en t  
f o r  t h i s  purpose. The most e f f i c i e n t  way t o  record time is probably on 
the same f i l m  as the  s a t e l l i t e  is  photographed, by recording a clock 
illuminated e l ec t ron ica l ly  by a f lashtube a t  the time of i n t e r e s t .  The 
clock should be control led by a precise quartz c rys t a l ,  or i ts  equivalent,  
the frequency of which i s  checked da i ly  or more of ten  against  a radio 
t i m e  standard, such as WWV, GBR, NEA or ZUO. T h i s  check is  used t o  r e l a t e  
s h u t t e r  t i m e  t o  a uniform system such as A1 or UT2 . A l l  possible sources 

of e r r o r  must be eliminated or ca l ibra ted ,  such as the pos i t ion  of the 
s h u t t e r  a t  the in s t an t  that time is recorded, the connection between the 
crystal-control led clock and the clock i n  the camera (if they are not the 
same), the internal  time delays i n  such items as radio receivers,  e t c .  
Calibrations f o r  a l l  c r i t i c a l  s e t t i ngs  or equipnent, should be made f o r  
each exposure, automatically if possible .  
m u s t  be available (published) f o r  reduction of the f i l m  or pla te  and for 
subsequent use of f i lm data. 

All data  on a l l  equipment used 
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The lower accuracy of the Type C shu t t e r  allows a much simpler and 
l e s s  expensive recording method t o  be used. A radio receiver  and a drum 
chronograph, tape recorder, o r  equivalent may be used. The second markers 
from the radio receiver  (or a l o c a l  chronometer) can be fed  t o  the chrono- 
graph pen. A t  the same time, an  impulse generated ,by the  shu t t e r  opening 
and closing i s  f ed  t o  the same pen. The shu t t e r  marks may be interpolated, 
between timing markers t o  an  accuracy of a t  least one wrt i n  twenty, 
yielding O:O5 time precis ion.  The tape recorder may be used i n  roughly 
the same fashion, as described by Allen (1961). 
carborryl--Fe(C0)4, Fe(C0)5, or Fe(C0) --suspended i n  normal 'heptane can 

be used t o  "develop" the  tape. 
tape speed should be made per iodical ly ,  especial ly  where power frequency 
i s  known t o  vary.  

4 solut ion of i ron  - 
9 

In e i t h e r  case, ca l ib ra t ion  of drum or 

For l o c a l  t i m e  mark generators (chronometers), a check against  some 
radio time standard must - be made before and af ter  the observation. 

Otkr p o s s i b i l i t i e s  are avai lable  f o r  timing, e.g., photographing a 
master clock with a separate camera and a s t robe l i g h t  f i r ed  a t  a known 
point  i n  the exposure; or moving either tk camera o r  the p l a t e  a t  r igh t  
angles t o  the satel l i te  t ra i l  i n  synchronism with a time s igna l  ( the time 
of the first jog being recorded t o  the nearest  second). A d a i l y  or more 
frequent check of t i m e  ca l ib ra t ion  must s t i l l  be made. 

The  camera timing system of the Eaker-Nunn is  designed t o  give a 
basic accuracy of 0.001 second. 
frequency standard and associated d iv ider  c i r c u i t s ,  a radio f o r  comparison 
of time with WWV or o t k r  t i m e  s igna l ,  a clock readout, a slave clock that 
is photographed on each t r a n s i t  record, and a shu t t e r  c a l i b r a t o r  t h a t  
indicates  the exact pos i t ion  of the s h u t t e r  a t  the time recorded on the  
film. 

It cons is t s  of a crystal-control led 

The o s c i l l a t o r  clock and radio are avai lable  commercially; the s lave 
c l&k  and s h u t t e r  ca l ib ra to r  w e r e  spec ia l ly  made f o r  the Baker-Nunn camera. 

Since the focal-plane s h u t t e r  of the Baker-Nunn takes a f i n i t e  time 
t o  cross the film, it i s  very important that the posi t ion of the shu t t e r  
a t  the time of the photograph be known. Therefore, a s h u t t e r  c a l i b r a t o r  
i s  very necessary i n  t h i s  system (Henize, 1957; Davis, 1958). The C a l i -  
b ra t ion  cons is t s  of a second s t robe f l a sh ,  i n  a narrow collimated beam, 
produced so t h a t  it strikes the end of the chopping s h u t t e r  blade, thus 
throwing a shadow on the film. 
posi t ion of the shu t t e r  for the  time recorded on the f i l m .  

The pos i t ion  of the shadow gives the exact  
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Operations 

Pre d i c  t i ons 

Predictions f o r  the various types of s t a t ions  a re  merely var ia t ions 
of one s e t  of data, i . e . ,  topocentric pos i t ion  of the s a t e l l i t e  a t  some 
spec i f ic  time. 
machine a t  some c e n t r a l  locat ion where e i t h e r  previous observations or 
o r b i t a l  data  a re  avai lable .  Once prepared, the topocentric pos i t ion  is 
e a s i l y  transformed in to  c i r c l e  s e t t i ngs  f o r  each c a m r a .  This information 
can then be transmitted t o  the observing s t a t i o n  by the most convenient 
means (see Data cen te r ) .  

These data a r e  most e a s i l y  calculated by a computing 

The predict ions should be su f f i c i en t  t o  allow point ing of the o p t i c a l  
ax is  of the camera within i 1 degree of the s a t e l l i t e  a t  a l l  times. 

F ie ld  reduction 

F ie ld  reduction of the photographs is  generally necessary only f o r  
iap id  production of medium-accuracy observations t o  be used t o  prepare 
predict ions.  Rapid communications, such as telegraph, must theref ore 
always be used whrfn a f i e l d  reduction is  needed. Not many medium-accuracy 
observations are required, because for predict ion purposes an  o rb i t  can 
Se maintained with 25 t o  30 observations per week. These measurements may 
be made with a two-screw comparator; however, use of' overlay film-scale 
charts.  or project ion of the images onto standard chstrts has been found t o  
be e f f i c i e n t  and s u f f i c i e n t  f o r  p r a t i c a l  purposes. 

Most s t a t ions  w i l l  not need t o  supply a f i e l d  reduction, and many 
cannot perform the precise  reduction a t  the observing s i t e .  I n  these 
cases,  the observing staff need only: 

1. Observe by following the predict ions,  and xnake the necessary logs 
of procedures ; 

2.  Process the fi lm; 

3 .  Scan the f i l m ,  locate  tk images, and mark t h e m ;  

4. Ship a l l  necessary information t o  the measuring center .  

If the observing s t a t i o n  performs the precise  reduction, the minimum 
requirements are : 

1. A two-screw measuring engifle capable of a resolut ion of the 
equivalent of 2 seconds of a r c  o r  better. 
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2 .  A set  of star charts  f o r  ident i fy ing  the satel l i te .  T h i s  may be 
replaced by a second plate of the region taken a t  a s l i g h t l y  d i f f e ren t  
t i m e .  

3 .  
as those of the AGIO or  Y a l e  Zones, f o r  reduction of the s a t e l l i t e  pos- 
i t i o n s  0 

A set  of catalogues with stellar posi t ions a t  least as accurate 

4. A t ab l e  ccanputing machine and trigonometric t ab le s .  

A standard nethod of p l a t e  reduction can e a s i l y  be modified t o  give 
a reduction procedure f o r  a l l  films (see Smart, 1956). 

Qual i ty  cont ro l  

The qual i ty  of the  data  output fran a l l  the cameras should be control-  
ed i n  seve ra l  s t eps .  The qual i ty  of the predict ions i s  control led by the 
observing sites Rpor t ing  e r r o r s  and non-observation when conditions a= 
otherwise good. Qual i ty  of observing procedures is ensured by double- 
checking canera se t t i ngs  and o ther  standard prac t ices .  Equipment condi- 
t i o n  should be monitoEd by per iodical ly  checking the s h u t t e r  timing, 
clock operation, mount or ien ta t ion ,  and similar d e t a i l s .  If necessary, 
ca l ib ra t ion  of e s s e n t i a l  items, such as the shu t t e r ,  should be b u i l t  i n t o  
the camera, even though this e n t a i l s  Some extra expense. 
these procedures would be as follows : 

Examples of 

1. A tube designed t o  f l a s h  a t  exposure center ,  i n  Class B o r  A 
cameras, t o  give photographically the pos i t ion  of a focal-plane shu t t e r  
when exposure time is  recorded. 

2. Daily monitoring of the l o c a l  time system against  a radio t i m e  
standard, t o  derive absolute difference and rate. Systems using mechanicel 
clockwork, such as chronographs, may be se l f -ca l ibra t ing ,  but the observer 
should per iodical ly  check whether the motion of the drum is uniform. 

3 .  A weekly o r  monthly check of camera focus and mount or ien ta t ion .  
The s e t t i n g  c i r c l e s  should be checked t o  a sce r t a in  that they properly 
point the camera. The camera should be focussed t o  ensure tha t  image 
qual i ty ,  magnitude reach, and therefore  high qua l i ty  of measured posi t ion 
are maintained. 

Control of f i lm processing can be maintained by following a prede- 
termined method of processing and by checking the  procedure per iodica l ly  
by processing exposed f i l m  of known cha rac t e r i s t i c s ;  f o r  example, a 
sens i tane ter  wedge o r  a standard star sequence can be used f o r  cmparison.  
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Control of the qua l i ty  of the f inal  data should be ensured by 
periodic tests of the measuring procedures and compiiting techniques. The 
most important point ,  however, is t o  ensure that  a l l  f i e l d  operations 
that may a f f e c t  the f ina l  r e s u l t s  are known and allowed f o r  i n  the f inal  
reduction of time and pos i t ion  data. Data of the accuracy necessary f o r  
in te rcont inenta l  geodetic connections must meet the  standard usually 
found only i n  the  laboratory; t o  achieve t h i s  standard under f ie ld  con- 
d i t i ons  requires much more e f f o r t  i n  cont ro l l ing  and checking than i n  
ac tua l ly  obtaining the data. 

C m u n i c a t  ions 

The type of communications used a t  a s t a t i o n  dl3pends upon the work 
load. If the s t a t i o n  is  used only f o r  the t racking of geodetic satel- 
l i t es ,  communication by m a i l  w i l l  probably be sa t i s f ac to ry .  

However, f o r  tk more advanced s t a t ions  with h.igher work loads more 
complex communication systems w i l l  be needed. 

A Class A s t a t i o n  w i l l  need, a t  a minimum, a te le type  machine 
connected by land l i n e  t o  the nearest  te legraph o f f i ce .  The ideal  situa- 
t i o n  s t a t i o n  would be a radioteletype l i n k  t o  the  nearest center  which can 
make predi t ions available. 

If more advanced c m u n i c a t i o n s  systems are t o  be used, the i n i t i a l  
plans f o r  t h e  physical  p lan t  should contain s w c e  reserved f o r  comunica- 
t ions  . 

Physical plant ,  l o g i s t i c s  and personnel 

Se lec t ion  of si tes 

Whatever the c l a s s  of s t a t ion ,  it should s tand on an elevated s i t e  
s u f f i c i e n t l y  d i s t a n t  from any large population center  t o  a f fo rd  a dark 
night sky and a low, uncluttered horizon. There should be minimum w i n d  
or  wind-borne dus t .  
power fea tur ing  f a i r l y  constant voltage and frequency with f e w  f a i l u r e s  
are es sen t i a l ,  although the  power requiremnts  can possibly be relaxed 
f o r  a Class C s t a t ion .  

A r e l i ab le  water supply and a dependable e l e c t r i c a l  

A s  soon as a s i te  i s  selected,  it should be surveyed i n t o  the best 
geodetic system ava i lab le .  



Buildings 

A large Class A camera is  qui te  powerful and complicated, and w i l l  
generally be used f o r  a f u l l  research program. 
require a la rger ,  more f l ex ib l e  s t a t i o n  than w i l l  a Class B o r  Class C 
camera. 

Consequently, it w i l l  

Figure 18 shows a plan f o r  a Baker-Nunn s t a t i o n  engaged i n  a full-t ime 
The obvious aavantage of a s t a t i o n  consolidated i n  one observing program. 

building on one l e v e l  is  the c loser  locat ion of a l l  working areas t o  the 
camera. The main disadvantage i s  the  close proximity of the sun-heated 
roof t o  the camem, and the  attendant poss ib i l i t y  of disturbances i n  
seeing. 

Another, but more cost ly ,  so lu t ion  is the two-story construction i n  
which the camera i s  on the second s tory,  and the off ices  and laborator ies  
ring the base of the camera on the  lower f l o o r .  This design is c lose r  
t o  standard observatory pract ice  and w i l l  provide better seeing s ince the 
camera w i l l  be above ground m i s t .  

~ 

Because of the high t racking rates and the necessarily fast motion 
of the cover of the telescope, a dame is  an impractical  way t o  cover a 
s a t e l l i t e  t racking camera. 

A ro l l i ng  roof, powered f o r  the convenience of the observer, provides 
a much more sa t i s f ac to ry  solut ion.  The s t a t i o n  may have a s ingle  roof 
ro l l i ng  i n  one d i rec t ion ,  o r  a s p l i t  roof with the halves t r ave l l i ng  i n  
opposite d i rec t ions .  The s p l i t  roof requires longer t o t a l  rail length,  
and if s p l i t  i n  the  center ,  there i s  a poss ib i l i t y  of leakage over the 
camera. However, one ha l f  of the roof i s  of ten used t o  protect  the camera 
from the wind. A s ingle  roof usually presents problems with the sea l ing  
end f l ap .  However, leakage a t  t h i s  point is not so important as leakage 
over th? camera. 

, 
Sta t ion  plans can be simpler f o r  smaller s ta t ions ,  40 square mters 

of f l o o r  area being probably sa t i s f ac to ry  f o r  a Class B s t a t ion .  

For C l a s s  C s t a t ions  the camera cover can be of simple design, rang- 
ing from a l i f t - o f f  box cover o r  a hinged cover t o  more complex structures,  
preferably involving a wind screen. A concrete p i e r  support, however, 
should always be provided. 
port f o r  a geodekic marker i n  the case of a temporary camera i n s t a l l a t i o n .  

It eventually cons t i tu tes  a subs t an t i a l  sup- 

A l l  s t a t ions  m u s t  provide a well-designed space w k t h e r  large o r  
small, assigned spec i f ica l ly  t o  the keeping of records. Thoroughness of 
recording keeping i s  c r i t i c a l  t o  a successful  s t a t i o n  of any c l a s s .  
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If a portable geodetic s t a t i o n  is  desired,  tohe design can be based 
on two trailers. With a f l o o r  area less than 10 square meters, a Class 
C s t a t i o n  can s t i l l  operate e f f i c i e n t l y .  
r e l a t ive ly  easy. Even with a s t a t i o n  as large and complex as the Baker- 
Nunn, it takes less than one. day f o r  a crew of six men with a crane t o  
disassemble the equ ipEn t  f o r  shipping. 

Moving the equipnent can be 

Emergency power supply 

A l l  Class A and probably Class B s t a t ions  shou:Ld be provided with 
emergency equipmnt f o r  generating e l e c t r i c  power. 
i s  a 5- or 10-KW gasoline-driven un i t ,  or a 37.5-KW or l a rge r  d i e s e l  u n i t ;  
5-KW power represent a minimal operational capabi l i ty ;  a t  least 10-KW 
power is required f o r  adequate operation, and 37.5-KW allows f u l l  opera- 
t i o n  wi th  no r e s t r i c t ions  on the use of such items as a i r  conditioners 
and e l e c t r i c  heaters. If it is t o  be o p r a t e d  when power i s  l o s t ,  a 
Class A s t a t i o n  should be provided with a t  least 30 KW of emergency power. 

A common armngement 

The emergency supply t o  provide uninterrupted power f o r  a time stand- 
ard cons is t s  of a battery bank, a ba t te ry  charger, and a rotary converter 
that converts d i r e c t  current  from the ba t te ry  bank -to a l t e rna t ing  cur ren t .  
The time standard f o r  t k a e  system is operated continuously from the con- 
ver te r ,  and the  batteries are continuously charged. 

T rans fe r  switches and v ibra tor  inverters  have not been found satis- 
fac tory .  

Darkroom 

Proper darkroom f a c i l i t i e s  are ex tmuely  important. An Eastman 
Kcdak C o .  manual (1961~) provides very good guidelines f o r  darkroom design. 
Ultimately tk design used f o r  the  darkroom depends primarily on t w o  
f ac to r s  : 

1. The workload which influences tk degree o:f autonation used; 

2. T k  type of p la te  or f i l m  used. 

Baker-Nunn s t a t i o n  darkroom equipment cons is t s  of 5 or 6 Nikor tanks plus 
seve ra l  Nikor reels for 100-foot lengths of f i l m ,  and a loading stand (see 
f igure  19); a s ink  large enough t o  hold a l l  tanks; and space f o r  a drying 
reel. Also there are timers, thennometers, and chemical mixing and 
measuring equipment. 

Film is  conveniently dr ied  on a drying reel  of 4-foot diameter ro t a t -  
ing  a t  severa l  hundred revolutions per minute. 
located i n  a separate room or alcove equipped with heat lamps and kept 
r e l a t ive ly  free from dus t .  

Idea l ly  t h i s  reel  is 
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S o m ~  s t a t ions  dry film d i r e c t l y  on the r e e l  by the  method suggested 
by t h e  Nikor company. 

A Class C s t a t i o n  that observes only f lash ing  satell i tes and there-  
fore  has a very small workload can use hand developmnt i n  s m a l l  tanks o r  
t rays  and a i r  drying. 
than 1-1/2 meters square. 

This can be done i n  a darkroom on not much more 

A darkroom f o r  a C l a s s  B s t a t i o n  might be as simple as that f o r  a C 
s t a t i o n  o r  as complex as t h a t  f o r  an A s t a t i o n  depending on workload. 

Logis t i c s  

Logistics here involves the c r i t i c a l  requirement t o  have people and 
things w h e r e  needed when needed. 
pa r t ly  by experience as a s t a t i o n  progresses. 
s u f f i c i e n t  is  a matter of policy r a the r  than a matter of s t a t i o n  type, 
s ince a l l  c lasses  of s t a t i o n  can be se l f - su f f i c i en t  i n  most areas. 

It can be managed pa r t ly  by formula and 
Whether a s t a t i o n  is self.- 

After the building is  completed, a C l a s s  A s t a t i o n  should if pos- 
s i b l e  pr0cul.e l oca l ly  i t s  own hardware , plumbing and building suppl ies .  
For a network of s t a t ions ,  c e n t r a l  procurement and d i s t r i b u t i o n  of bulk- 
use items are the  key t o  order l iness  i n  funds devoted t o  building and 
maintaining inventory. They a l s o  ensure uniformity of type and qua l i ty .  
Examples of items that should be procured cen t r a l ly  are : f i lm,  p l a t e s ,  
photographic chemicals, f i l m  processing equipnent, exposed-f ilm shipping 
containers ; f i l m  or  p l a t e  reduction a ids  ; satel l i te  -passage record forms 
and o ther  report  forms. 

A s  a satel l i te  tracking network comes of age, unforeseen weaknesses 
of the s t a t i o n  equipment become apparent as the  r e s u l t  of repeated f a i l u r e  
of c e r t a i n  components. A t  such t i m e ,  redesign or  increase i n  the inventory 
of these components is indicated.  Monitoring of such problems is  simpli- 
f ied if procurelllent is cent ra l ized .  

An i n i t i a l  shipment of suppl ies ,  including consumables, should be 
sent  t o  the s t a t i o n .  
quant i ty  of cen t r a l ly  procured items that is  necessary, and request t h a t  
amount from headquarters on a n  "as-needed" kasis. 
cerning storage space available and delays i n  delivery is  better than 
a r b i t r a r y  scheduling of shipments. 

The person i n  charge should then determine the  

H i s  experience con- 

A C l a s s  C s t a t i o n  might e f f ec t ive ly  be made almost canpletely self-  
s u f f i c i e n t  espec ia l ly  if i ts  photographic system i s  designed t o  use 
s t a n d a d  f i l m .  However, s ince the rate a t  which most items an?, used at  a 
C l a s s  C s t a t i o n  is low, savings might be made by bulk purchases a t  a 
headquarte E. 
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Figure 19.--Nikor processing equipment. 



Pe IS onnc; 7 

A Class A s t a t i o n  operating seven days a week w i l l  probably require 
a s t a t i o n  d i r e c t o r  and six observers t o  t r ack  approximately 15 s a t e l l i t e s  
per night .  
the cone of the ea r th ’ s  shadow t o  mke the image on the camem f i l m  o r  
p l a t e .  Since the photography must be done from sometime a f t e r  dusk u n t i l  
nearly midnight, and again from sanetime a f t e r  midnight u n t i l  nearly dawn, 
observing i s  a ful l - t ime occupation. the type 
used a t  a Class A s t a t i o n  - can usually be operated by one man, but two men 
per s h i f t ,  w k t k r  a l l  night s h i f t s  o r  s p l i t  s h i f t s ,  ensure more c e r t a i n  
acquis i t ion  of photographs--weather, camra  and tinting a l l  assumed t o  be 
ope rat iona 1. 

Unlighted s a t e l l i t e s  depend on reflect& sunl ight  from outside 

A sophis t icated camera of 

The choice of staff t o  man a C l a s s  A s t a t i o n  is less r e s t r i c t i v e  than 
f o r  smaller s t a t ions ,  because the necessary observing techniques can be 
taught,  and knowledge of e lec t ronics ,  mechanics, opt ics  or astronomy can 
be a spec ia l ty  of one individual  observer. A s t a t i o n  d i r ec to r  should be 
conversant with a l l  aspects of s t a t i o n  operation and must be an expert  
observer. 
teach new techniques provided from headquarters and assess  t h e  value of 
each of h i s  men. 

He m u s t  regular ly  observe with each crew member so  tha t  he can 

S ta f f ing  of Class B s t a t ions  =quires more care .  Four men are prob- 
ably s u f f i c i e n t  f o r  the work load. 
are important, although probably a lesser degree of proficiency i n  each 
spec ia l ty  can be to l e ra t ed .  E i the r  observing f o r  complete nights two o r  
three times a week, o r  less than a f u l l  night by a s ingle  observer seven 
times a week is t o  be expected. 
(maintenance and repair) requires time outside normal observing hours, 
otherwise, obervations w i l l  be l o s t .  

T k  same general  spec ia l t i e s ,  however, 

To keep equipnent i n  proper running order 

C l a s s  C s t a t ions  may be s t a f f ed  with one o r  two professionals o r  w i t h  
varying numbers of en thus ias t ic ,  dedicated amateurs who devote time as 
their regular  jobs and family canmitments pe rmi t .  
may be recrui ted frm amateur astronomical groups and their f r iends ;  
perhaps some w i l l  be college students majoring i n  engineering o r  astronomy. 
Results, however, w i l l  depend c r i t i c a l l y  upon the qual i ty  of the staff of 
these s t a t ions ,  more possibly than upon the qual i ty  of tk equipnent with 
which the observers work. 

Non-professional staff 

A highly mobih s t a t ion ,  be it Class A, B o r  C, presents more supply 

Consequently, the more mobile a s t a t i o n  tk more carefu l ly  planned 
problems than one that will be a t  one locat ion f o r  an extended period of 
t i m e .  
and se l f - su f f i c i en t  it should be. 



The data center  

To be able t o  photograph satell i tes e f f i c i e n t l y ,  a l l  observing 
s t a t ions  must be supplied with up-to-date ephemerides. While each observ- 
ing s i te  might compute i ts  own predict ions from the o r b i t  of the satel l i te  
o r  f rm predictions of s u b s a t e l l i t e  points ,  it is  much more convenient and 
e f f i c i e n t  if  predicted times and canaera s e t t i n g s  are pllepared by some 
c e n t r a l  group using a large d i g i t a l  ccmputer. The same organization t h a t  
computes satel l i te  o rb i t s  should have the capabi l i ty  of preparing predic- 
t i ons .  

Required f o r  the best operation of such a data center  are : 

1. Access t o  a modern, high-speed e lec t ronic  d i g i t a l  cmputer ;  

2. A programing staff that can provide cmputing rout ines  t o  
s a t i s f y  a l l  requirements of the t racking  s t a t ions ,  e .g . ,  o r b i t  computation 
f o r  satell i tes of i n t e r e s t ,  predicted camera se t t i ngs ,  data reduction, 
e t c  .; 

3 .  Rapid access t o  s izable  amounts of data of =dim accuracy, 
f 1 minute of a r c  o r  better, t o  be used t o  cmpute o rb i t s ;  

4. A means of inexpensive comunication of data t o  the observing 
sites i n  order t o  supply t imely predict ions;  

5 .  A c lear ing  house and publ icat ion f a c i l i t y  f o r  the  f inal  data from 
p la t e s  of a l l  cameras, regardless of where and w e n  they may be measured; 

6 .  A complete l i s t  of t he  best ava i lab le  coordinates of p a r t i c i p a t -  
ing s t a t ions ,  f o r  preparation of predict ions and reduction of f inal  da ta .  

The general  operation of such a cen te r  can be on two basic levels: 
one f o r  gene.rating predict ions,  the  o ther  f o r  p x p r i n g  f i n a l  data t o  
determine the  geodetic loca t ion  of each s t a t i o n .  

Plledict ions 

From medium-accuracy observations of a satell i te i n  a geodet ical ly  
usefu l  o rb i t  (i.e.,  minimum a l t i t u d e  the order of 1000 km) predict ions can 
be prepared f o r  a usefu l  i n t e r v a l  of one t o  t h z e  weeks, depending on the 
amount of o b s e h t i o n a l  material and on o ther  f ac to r s  such as air-drag 
cross sec t ion  o r  l i gh t - f l a sh  mechanism. The camera s e t t i n g s  would be 
good t o  within 1 t o  2 degrees f o r  any t ime i n  this period. 
c a m m s ,  predict ions of s l i g h t l y  reduced accuracy might be usefu l  f o r  as 
long as fou r  weeks. 

For.wide-field 
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Medim-accuracy observations from ten  t o  twenty Class A observing 
s t a t ions  su i t ab ly  spread out i n  l a t i t ude  and longitude would be' su f f i c i en t  
t o  y ie ld  good o r b i t a l  information f o r  generating pmdict ions The minimum 
amount of data necessary f o r  the Baker-Nunn network is on the order of 
25 t o  30 field-reduced observations per s a t e l l i t e  per  week. 
which would probably not be used f o r  any other  work, should reach the  data 
center  no less often than once each week, t o  permit continuous improvement 
of the o r b i t .  To ensun? e f f ic iency  and t o  minimize comunication d i f -  
f i c u l t i e s ,  we assume th center  and the s t a t ions  should transmit these 
preliminary data by radio, telegraph o r  cable .  

These data, 

These data would be used t o  derive the new o rb i t s  and new predictions 
f o r  camera se t t i ngs .  T h i s  in fomat ion  would be computed and d i s t r ibu ted  
t o  a l l  s t a t ions  within a shor t  t i m e ,  a reasonable t i m e  l i m i t  being three 
days before transmission, t o  allow f o r  e f f i c i e n t  preparation f o r  d i s t r i -  
bution. 
i n  the world would average no longer than 10 days, a.llowing approximately 
one week of usefu l  predictions t o  be prepared each week. For unusual 
events, other  means of d i s t r ibu t ion  might be used; f o r  example, a regional 
center ,  with rapid communication t o  the main center ,  could d i s t r i b u t e  
predictions by su i tab le  means within i ts  area. 

N o m 1  air-mail d i s t r ibu t ion  of the predict ions t o  most places 

Some sample types of pEd ic t ions  are: 

1. Alt i tude and azimuth o r  r igh t  ascension (o r  l o c a l  hour angle) 
and decl inat ion of f lash ing  satellites, f o r  Class C o r  C l a s s  B cameras; 

2. Right ascension o r  local hour angle, decl inat ion and brightness 
o r  angular veloci ty  a t  s a w  time, f o r  Class B caments; 

3 .  Alti tude,  azimuth, t racking-circle  se t t ing , ,  and rate of angular 
rsbion, o r  L.H.A., declination,,  d i rec t ion  of motion and angular veloci ty ,  
f o r  Class A cameras. 

These formats are derived ( i n  pr inc ip le )  from the same data, i.e., 
topocentric posi t ions of the s a t e l l i t e  a t  c e r t a i n  times; a l l  can e a s i l y  
be prepEL1.ed by one computing method using minor var ia t ions .  This pos- 
s i b i l i t y  makes it espec ia l ly  usefu l  t o  allow one center  t o  compute f o r  
a l l  s t a t ions .  
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Precise Dlate measurements 

Once predict ions are furnished t o  a l l  s t a t ions ,  the second level of 
operation camrnences. 
developed, and an  image found, the p l a t e  m u s t  be measured t o  the required 
accuracy of 1 t o  3 seconds of a r c .  
t i on  has the capabi l i ty ,  the p l a t e s  can be masured and the apparent t i m e  
and posi t ion reduced by those most familiar with the camera and the timing 
equipment. I f  the necessary measuring engines are not avai lable ,  the 
films should be measured a t  some c e n t r a l  location. Convenience may sug- 
gest  t h E L t  this masurement center  be physically located a t  the data center. 
I n  any case, the masur ing  center  should have a cmple t e  descr ipt ion of 
the camera system and i ts  operating cha rac t e r i s t i c s ,  and a complete log 
of operation f o r  each f i lm ,  so  tkt a l l  necessary corrections can be 
applied t o  the f ina l  reduced posi t ions.  The same requirements apply t o  
the clocks f o r  s i t e s  needing accurate timing data. 

After  a s a t e l l i t e  has been photographed, the f i l m  

If the observing s t a t i o n  or  i n s t i t u -  

The precisely reduced data should be transmitted t o  the data center  
by some preselected date ,  after which accurate o rb i t s  w i l l  be derived, 
a l l  data  w i l l  be checked, and the material w i l l  be made avai lable  t o  tk 
geodetic invest igators  f o r  their use i n  precise determination of the 
s t a t i o n  locat ion.  

Publication of the observational data should be made by each s t a t i o n  
as they are obtained, but as the  end r e s u l t  of the operation is t o  be a 
general s e t  of geodet3.c connections made from a l l  avai lable  data, the 
data  center  could-be responsible f o r  making su i tab le  material ava i lab le  
t o  a l l  qua l i f ied  inves t iga tors  Furthermore, considering the a v a i l a b i l i t y  
of cmputing and programming f a c i l i t i e s  a t  the data center ,  convenience 
may induce the inves t iga tors  t o  do much of t h e i r  work a t  the data center .  

If the concept of the data center  is  ca r r i ed  t o  its l o g i c a l  end, 
consideration should a l s o  be given t o  the p o s s i b i l i t y  of including other  
services ,  such as technica l  consulting f a c i l i t i e s  and a c e n t r a l  purchasing 
and supply service f o r  items d i f f i c u l t  t o  procure in the v i c i n i t y  of the 
l o c a l  sites. 
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One example of the two-level system of data f l o w  is the S a t e l l i t e  

When a s a t e l l i t e  is launched, predictions based on tk expected 
Tracking Program of the Smithsonian Astrophysical Observatory (see f igum 
20). 
o r b i t  are furnished t o  a l l  observing s t a t ions .  The first observations 
a re  reported by telegraph t o  tk computing center .  
f 1 degree and f 1 minute of a r c ,  they are used t o  correct  tk orb i t  and 
provide new predict ions.  The second predi t ions are usually accurate 
enough t o  allow Baker-Nunn cameras t o  photograph the object,  y ie lding 
telegraphed observations of accuracies f 1 t o  3 minutes of a r c .  
used t o  recompute the o r b i t  weekly, providing new predictions one week i n  
advance f o r  the Baker-Nunn cameras. After preliminary measuremnt a t  the 
observing s i t e ,  t h e  f i l m ,  camera log, and log of clock operation are 
forwarded t o  headquarters i n  Cambridge, where precis ion measurement and 
reduction a re  perf'omed as required by s c i e n t i f i c  inves t iga tors .  The 
data  so  produced a re  used t o  derive precise o rb i t s ,  which are used by SA0 
staff s c i e n t i s t s  f o r  research purposes. 

Accurate t o  between 

These are 
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NOPICE 

This series of Special Reparts was Instituted under the 
supervision of Dr. F. L. Whipplu, Dlrector of the Astrophysical 
Observatory of the Smithsoulan Insti tution, shortly after the 
launching of the first a r t i f i c i a l  earth satellite on October 4, 
1957. Contribution$ come from %he Staff of the Observatory. 
F b s t  issued t o  ensure the immediate diseemination of data for  
satellite tracking, the Reports have continued t o  provide a 
rapid distribution of catalogues of satellite observations, 
orbi ta l  information, and preliminary results of d a t a  analyses 
prior t o  formal publication in the appropriate Journals. 

Edited and produced under the supervision of &. E. N. 
Hayes, the Regarts are Indexed by the Science and1 Technology 
Division of the Library  of Congress, and are regularly d i a -  
tr ibuted t o  all inst i tut ions participating in the! U.S. space 
research program and t o  Individual scient is ts  who request them 
from the Administrative Officer, Technical Information, Smith- 
sonian Astrophysical Observatory, Cambridge 38, hhsachusette . 


